Observations were made on three ¢sh species (banded killi¢sh (Fundulus diaphanus), golden shiner (Notemigonus crysoleucas) and white sucker (Catostomus commersoni)) in a temperate lake (New Brunswick, Canada) in order to investigate the relationship between shoal choice behaviour of individual ¢shes and shoal composition. Encounters between shoals were observed to take place every 1.1min per shoal and an encounter lasted 3.7 s on average. The duration of shoal encounters was in£uenced by shoal size but not by di¡er-ences between shoals in either body length or species. Conversely, the outcome of shoal encounters (i.e. whether or not an individual changes shoal) was in£uenced by body length and species di¡erences but not by shoal size. Together, these results suggest that encounter duration itself is unlikely to have an important in£uence on encounter outcome. The collection of ten entire ¢sh shoals showed that they were assorted by species and body length. A simulation model demonstrated that individual shoal choice behaviour alone could account for the generation and maintenance of the observed levels of size assortedness of shoals without invoking the existence of other sorting mechanisms such as di¡erential swimming speeds. However, the generation of species assortedness was not predicted by the model. Furthermore, our data suggest that ¢sh density acts as a constraint on shoal choice, in£uencing both shoal size and composition. This work has implications for studies on information transfer and reciprocal altruism within populations.
INTRODUCTION
Many articles have been published on group choice (regarding both group size and composition) in animals in the laboratory and theoretical models have contributed to our understanding of the potential mechanisms underlying group formation and maintenance (Pulliam & Caraco 1984; Pitcher & Parrish 1993) . However, ¢eld observations on the role of active group choice for group composition by individual animals are still largely missing for`open' groups (where individuals are free to join and leave) which consist mainly of unrelated individuals, such as occurs in many species of £ocking birds, shoaling ¢shes and group-living ungulates.
Much of the information available on grouping behaviour in general and group-mate choice in particular comes from studies on ¢shes (Dugatkin & Wilson 1993; Krebs & Davies 1993; Pitcher & Parrish 1993) . Laboratory work on shoal choice in ¢shes has shown that individuals prefer to associate with familiar conspeci¢cs, those of similar body length and those free of parasites (Ranta et al. 1992; Gri¤ths & Magurran 1997; Barber et al. 1998; Svensson et al. 2000) . Recent ¢eld studies have demonstrated that the composition of freeranging ¢sh shoals is largely consistent with laboratory predictions, that is ¢sh shoals were found to be strongly assorted by body length, species and parasite presence . However, the mechanisms underlying such patterns remain to be tested. Species-speci¢c and body length-speci¢c habitat preferences might account for some of the observed segregation between species and di¡erent body length classes (Kramer et al. 1997) . Passive sorting mechanisms, which are based on di¡erential swimming speeds (i.e. a positive relationship between body length and swimming performance; Beamish 1978) , could potentially also play a role. The current study was designed to investigate the importance of active group choice for group composition in wild shoals in a lake and ascertain whether the consistency between laboratory and ¢eld data is indeed based on the same sorting mechanism. First, we carried out transects in order to collect baseline data on the density and body length distribution of the di¡erent ¢sh species in our study site in order to quantify potential constraints on shoal choice. Subsequently, we made observations on the frequency, duration and outcome of encounters between ¢sh shoals in order to provide direct evidence of shoal choice behaviour in the ¢eld. A collection of ten entire ¢sh shoals was made in order to relate the information available on individual shoal choice behaviour to the observed shoal composition of free-ranging ¢shes. A simple simulation model was developed in order to assess the importance of the observed shoal choice behaviour in the generation and maintenance of the observed patterns of shoal composition. The overall aim of this study was to put individual choice behaviour into a population context, thus providing insights into the processes that underlie grouping patterns while taking constraints at the population level into account. This kind of information is the key to an assessment of the potential for information transfer, social learning and the evolution of reciprocal altruism in animal groups.
MATERIAL AND METHODS

(a) Study site
The study site was located on Morice Lake (near Sackville, New Brunswick, Canada) (45855' N, 64821'W) and consisted of a sheltered bay occupying 100 m of shoreline and up to 10 m o¡shore. This part of the littoral zone was shallow throughout (water depth 5 70 cm) and the clear water conditions facilitated visual observations and captures of entire free-ranging shoals. Observations were carried out between 1 September and 5 October 1999. The predominant ¢sh species occurring in the shallow littoral zone of this lake are banded killi¢sh (Fundulus diaphanus), golden shiner (Notemigonus crysoleucas) and white suckers (Catostomus commersoni) .
(b) Transects
Visual count transects were carried out by two observers between 11.00 and 11.30 h for ¢ve days over a ten-day period, within 6 m of the shore where visibility was greatest. One person scanned the zone 0^3 m o¡shore (water depth, mean § s.d.ˆ14.9 § 7.0 cm and nˆ60) (¢gure 1) and the other the zone 3^6 m o¡shore (water depth mean § s.d.ˆ31.0 § 9.2 cm and nˆ60). Markers were positioned every 5 m along the shore and at 3 and 6 m o¡shore. We recorded the number of shoals of each species and estimated the shoal size and shoal mean body length for every 5 m section. Pilot studies showed that the di¡er-ence between visually estimated and real shoal size (determined by subsequent captures of the entire shoal) was on average § 14% (nˆ16) of the real shoal size for a range of shoal sizes of between 20 and 230 ¢shes. No relationship between the percentage error and shoal size was found (linear regression r 2ˆ0 .13, pˆ0.18 and nˆ16). We classed shoal means into the following categories for body length estimates: 16^20, 21^25, 26^30, 31^35 mm, etc. The di¡erence in estimated and real body length was on average § 1.7 mm (nˆ17) for a range of shoal means of body length between 20 and 45 mm. Species identity was always correctly identi¢ed. All shoals comprised either single species or were clearly numerically dominated by one species (species dominance within shoals was at an average of 95%) (see also Hoare et al. 2000) . Thus, an accurate picture of the available range of shoal sizes for ¢shes of di¡erent body length classes could be obtained from our visual transects. No signi¢cant di¡erences between observers were found for estimates of shoal sizes and body length categories.
(c) Shoal encounters
Information on the frequency, duration and outcome of encounters between shoals was obtained by following randomly selected single shoals for as long as possible within a zone that was 0^3 m o¡shore. Information on shoal size, average body length and species identity was recorded for each focal shoal as described in ½ 2(b). For the purposes of monitoring shoal encounters, we did not distinguish between single-species and multispecies shoals but rather identi¢ed shoals by their majority species. Two shoals were regarded as having encountered each other when the nearest peripheral ¢sh from each shoal came within approximately four body lengths of each other. The latter criterion is based on the elective group size concept (see Pitcher et al. 1983) . The number of encounters was recorded and the choice behaviour of the majority (more than 50%) of the shoal members noted with regards as to whether or not they joined or did not join the shoal they encountered. If there was extensive mixing between shoals during an encounter, after which they split again, we subsequently followed the shoal that turned to the right or left side (relative to the swimming direction of the combined shoal) equally often. The latter procedure was undertaken in order to avoid any bias as to which shoal to follow. Data on the outcome of shoal encounters were only used from ¢rst encounters in order to avoid pseudo-replication. Encounter duration was measured to the nearest second with a stopwatch. All observations on shoal encounters were made by the same person. Fish shoals did not appear to be in£uenced by the presence of nearby observers. This is because our study site was close to a beach and, therefore, the ¢shes were habituated to human presence. We included the following predictors in our analysis of encounter duration.
(i) Species identity (conspeci¢c or heterospeci¢c).
(ii) Body length di¡erence: same body length categoryˆ1, one category apartˆ2 and two or more categories apartˆ3. (iii) Shoal mean body length (if di¡erent between the two shoals the mean was calculated). (iv) The sum of the two shoal sizes (the rationale is that the encounter should take longer the larger the shoals and the e¡ect should be additive).
The ¢shes' decision to join an encountered shoal was analysed as a function of body length di¡erences (same as above), species identity (same as above) and the di¡erence in shoal size between the two shoals.
(d) Shoal samples
A total of ten ¢sh shoals were collected using a 5 m beach seine (mesh size 3 mm £ 2 mm) on 9 September 1999. Only shoals that were caught in their entirety were used (see for capture method). Shoal captures were distributed throughout the study site in order to obtain data which were representative of the study site as a whole (¢gure 1). The distance from shore of shoal captures varied between 12 and 978 cm and the water depth ranged between 7 and 52 cm. Body length and species identity were recorded for each shoal member.
RESULTS
(a) Transects
The average ¢sh density in deeper water was lower and the ¢sh were larger (table 1). Banded killi¢sh were the most numerous species followed by golden shiners and white suckers (table 2) . Three-spined sticklebacks (Gasterosteus aculeatus) and yellow perch (Perca £avescens) were found in only small numbers (5 1% of the total number of ¢shes).
No statistical analysis was carried out on these data because repeated observations within the same study site could potentially have resulted in pseudo-replication.
Fishes of medium body length were the most abundant. There were signi¢cant correlations between the number of individuals of a particular size category and the number of shoals for killi¢sh (Spearman's correlation nˆ5 and r sˆ0 .99, and two-tailed tests pˆ0.005) (¢gure 2a) and suckers (nˆ6, r sˆ0 .94 and pˆ0.005) but not for shiners (nˆ5, r sˆ0 .20 and pˆ0.7). Signi¢cant correlations were also found between the number of individuals of a particular size category and shoal size for killi¢sh and shiners (both r s1,2ˆ0 .90 and p 1,2ˆ0 .037) but not for suckers (r sˆ0 .66 and pˆ0.16). These results show that ¢sh which belonged to the more abundant body length categories formed more and larger shoals than ¢shes belonging to the less abundant body length categories.
(b) Encounter frequency and duration
We observed a total of 33 shoals for a mean ( § s.d.) of 5.6 § 3.4 min each and recorded a mean encounter rate of 1.1 encounters per minute per shoal. The mean ( § s.d.) duration of shoal encounters was 3.7 § 2.3 s (nˆ35 and range, 1^11s). There was a strong e¡ect of shoal size on encounter duration (multiple linear regression t 32ˆ7 .1 and p 5 0.001). The regression coe¤cient was positive, indicating that the duration of ¢rst contact was longer when shoals were larger. The body length of the ¢shes only had a marginally signi¢cant e¡ect on encounter duration (multiple linear regression t 32ˆ2 .0 and pˆ0.053). In this case the coe¤cient was negative, suggesting that contact time decreased with increasing ¢sh size. Neither body length di¡erences nor species di¡erences between shoals had an in£uence on encounter duration (ANOVA, body length, F 2,34ˆ0 .747 and p 4 0.4, and species, F 1,34ˆ0 .949 and p 4 0.3).
(c) Encounter outcome
A total of 67 cases of shoal encounters were observed, 36% of which resulted in the focal shoals merging and 64% in no merging. Conspeci¢c encounters made up 49% and heterospeci¢c encounters 51% of all cases. Encounter outcome was in£uenced by body length and species di¡erences between shoals, but not by shoal size (logistical regression, body length, p 5 0.001, species, p 5 0.001, and shoal size, p 5 0.15). The probability of conspeci¢c shoals merging decreased with increasing di¡erence in body length between shoals (table 3) . Merging of heterospeci¢c shoals only took place when the shoals were of matching body length. 
(d) Shoal samples
Ten shoals were collected, comprising a total of 294 ¢shes belonging to four di¡erent species, i.e. banded killi¢sh (nˆ186), golden shiner (nˆ74), white sucker (nˆ31) and yellow perch (nˆ3). Shoal size ranged from eight to 54 members and the shoal mean body length from 24 to 56 mm. Note that the relative species abundances in the shoal samples corresponded well with the values obtained from the transect method (killi¢sh 63 and 57%, shiner 25 and 33%, and sucker 11 and 10% for shoal samples and transect data, respectively).
Combining the transect data and our results from this section, we predicted that ¢shes of medium body length should have the highest probability of encountering conspeci¢cs of matching size and might therefore be expected to form the most strongly assorted shoals. We included only those shoals which contained killi¢sh in the analysis. As predicted, ¢sh shoals were most strongly assorted (measured as the coe¤cient of variation of within-shoal body length) for the body length category that was most abundant in the population (¢gure 2b).
(e) Model
A simple simulation model was constructed in order to determine whether the transition probabilities shown in table 3 are su¤cient for explaining the observed shoal compositions. For comparisons between predicted and observed shoal compositions, we calculated the species dominance within shoals and the coe¤cient of withinshoal variation in body length (table 4). For ease of analysis, attention was restricted to those shoals containing only killi¢sh and/or shiners and no more than 10% of a third species (the latter was disregarded for the purposes of our simulation). For comparison, we also used data collected from the same study site in 1998 (see Hoare et al. (2000) for details) and 1994 (see for details) (table 4).
Each ¢sh in the model was labelled with a species number, its body length and its current shoal number. The number of shoals was kept ¢xed (at eight, 19 and 31 for the three years, respectively), although there was freedom in the model for shoals to decrease to zero size. Shoal encounters occurred sequentially without regard as to the spatial distribution of the shoals. Two of the shoals were chosen to interact at random in each time-step. The model assumed that every focal ¢sh had perfect`knowledge' of the following factors: its own body length and the mean body length and species dominance of the shoal encountered. These factors determined the appropriate transition probability ( p ) for the focal ¢sh from table 3. A random number (x) between 0 and 1 was chosen and if two shoals had been considered once, the encounter was over. Subsequently, body length variation (L) and species dominance (S) were calculated. The simulation of shoal encounters continued until both L and S reached a dynamic equilibrium to within £uctuations expected in such a stochastic simulation. Repeated application of the transition probabilities from table 3 was su¤cient for producing a marked enhancement both in species and size assortedness (compared with purely random assignment of the ¢sh to shoals) in all three data sets provided that, in each case, at least one shoal was dominated numerically from the start by the species that was in the minority in the population (¢gure 3). The equilibrium values reached for species dominance and body length variation were in good agreement with the ¢eld data (table 4). Signi¢cantly, the same equilibrium values were reached irrespective of whether the ¢eld-observed allocation of the ¢sh or a random allocation was used as a starting point in the model. There was a 45% chance in the 1999 data set that at least one shoal was dominated by the species which was in the minority in the population, whereas in the 1998 and 1994 data sets this probability was below 5%. The species compositions in shoals did not di¡er signi¢-cantly from the species proportions found in the overall population for any of the data sets unless one shoal was numerically dominated (at the beginning of the simulation) by the species that was in the minority in the population. Levels of size assortedness were una¡ected by starting conditions.
DISCUSSION
To the authors' knowledge, this study is the ¢rst to provide strong evidence of the role of active group choice behaviour of individual ¢shes in the social structure of free-ranging ¢sh shoals. Direct observations of shoal choice demonstrated that active shoal choice is an important factor in determining shoal composition with regards to size and species assortedness. This is consistent with the ¢ndings of laboratory studies which have demonstrated that a number of species have the ability to exercise shoal choice (reviewed in Krause et al. 2000) . The putative functions of active shoal choice in ¢shes include reductions in predation risk and food competition and have been extensively discussed elsewhere (Ranta et al. 1994) . The duration of shoal encounters was determined solely by the sizes of the shoals involved and not by body length or species di¡erences between shoals. However, the decision of whether to join a shoal during encounters was a consequence of the latter two factors and was unaffected by shoal size. Thus, the factors that in£uenced the duration of encounters were unimportant for their outcome (in terms of the decision to join) and vice versa. This suggests that encounter duration is not a constraint for shoal choice and that an assessment of shoal suitability in terms of body length and species composition probably takes place within a very short time-span (less than a few seconds).
The values observed for species dominance and size assortedness within shoals were fairly consistent between years (irrespective of which species, killi¢sh or shiners, was numerically dominant in the population), which suggests that there is a general underlying sorting mechanism. Our model produced levels of size assortedness similar to those observed in the ¢eld. No species assortedness was predicted unless one of the shoals was dominated by the minority species (at the population Figure 3 . The e¡ects of shoal choice behaviour on shoal composition were simulated by applying the transition probabilities in tables 3 and 4 to the 1999 data set. Changes in shoal composition are illustrated by a typical run for the mean species dominance (S) (upper line) and mean body length coe¤cient of variation (L) (lower line) as a function of the frequency of shoal interactions. At the start of the simulation, ¢shes were randomly assigned to one of the eight shoals which is re£ected by the low initial value of S (63%, representing the percentage of killi¢sh in the entire sample) and the high initial value of L (29%, resulting from di¡erent-sized ¢shes being mixed). The £uctuations in S are relatively large due to the small sample size. If the simulation was run for longer these £uctuations persisted, but the mean values stayed the same, indicating that the system had reached a dynamic equilibrium. level), which is an unlikely starting condition (at least for 1994 and 1998). Thus, according to our model, active choice provides a potentially exclusive mechanism for the generation and maintenance of size assortedness, whereas species assortedness is maintained once in existence but requires other mechanisms (such as di¡erential swimming speeds of di¡erent species or di¡erent foraging requirements) for its generation. It should be noted that a simplifying assumption of this model is that all ¢shes in a shoal have perfect knowledge of the traits of other ¢shes encountered. In fact it seems likely that individuals in di¡erent positions will gain more or less information about potential shoal mates than others and the role of shoal position in group encounters deserves further attention.
Our transect data showed that ¢shes in deeper water were larger and that ¢sh density was lower than in shallow water. This could be interpreted as evidence for size structuring of the ¢sh community by water depth (see also Werner & Hall 1988) . Our observations on shoal choice clearly showed that, within a given depth zone, active shoal choice plays an important role in shoal composition. Overall, these observations suggest that the ¢sh community in Morice Lake is structured at the coarse level by habitat choice and at the more ¢ne level by shoal choice.
Shoals consisting of medium-sized ¢shes were the ones most strongly assorted and also the largest. This is likely to be a result of density dependence because mediumsized ¢shes were also the most numerous (i.e. the high encounter frequency with individuals of their own size probably facilitates high degrees of assortment and the formation of large shoals in medium-sized ¢shes). However, it is also possible that shoal choice behaviour is body length dependent. Experiments on minnows (Phoxinus phoxinus) and dace (Leuciscus leuciscus) conducted by Pitcher et al. (1983) in a £uvarium showed an increase in shoal size with increasing ¢sh body length. However, because only two di¡erent body length classes were tested, it remains unclear whether the elective group size would have eventually decreased again for larger ¢shes. Paxton (1996) found that large guppies (Poecilia reticulata) spent more time shoaling than small ones, supporting the idea that shoaling decisions may be body length dependent. Clearly, further experimental work under conditions where ¢sh densities can be controlled is necessary in investigating this phenomenon.
Our data on the frequency of shoal encounters and their outcomes have potentially important implications for studies of social learning. We can predict how often ¢shes encounter conspeci¢cs and heterospeci¢cs, how long these encounters last and whether this ¢rst contact is likely to lead to a closer association (i.e. shoal membership). Our results concerning species and size sorting indicate that individuals only come into closer contact with a speci¢c subset of the ¢sh community in a particular area, which in turn could potentially severely limit information £ow. Studies on guppies have demonstrated that ¢shes are capable of learning foraging routes by observing the behaviour of conspeci¢c shoal members (Laland & Williams 1997) and that foraging innovation may be body length dependent (Laland & Reader 1999) . Cultural transmission of predator recognition has been found in a number of ¢sh species such as fathead minnows (Pimephales promelas) and brook sticklebacks (Culaea inconstans) (Smith 1997). Here we provide, for the ¢rst time to our knowledge, estimates of shoal encounter rates and group transition probabilities for wild ¢sh shoals which helps to put such studies into context. Learning of new foraging routes generally takes several days (Laland & Williams 1997) , but predator recognition can be acquired from experienced individuals during a single predator encounter (Smith 1997) . Given that shoal ¢delity is low in killi¢sh (Hoare et al. 2000) and encounter rates high (this study), it seems unlikely that reciprocal altruism could have evolved in such a system. It remains to be tested whether the conditions for the evolution of reciprocal altruism are more favourable in other ¢sh species (such as G. aculeatus and P. reticulata) that have been demonstrated to show a preference for familiar individuals in the laboratory (Gri¤ths & Magurran 1997; Barber & Ruxton 2000) .
